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• Holographic modelling 
• Walking dynamics
• Composite higgs models
• Splitting confinement and chiral symmetry breaking



Strongly Coupled Gauge Theories

QCD (SU(3) with Nf fundamental rep. quarks) at 
strong coupling

• Confines

• Breaks chiral symmetry – mass generation mechanism

Localized, magnetically charged, scalar gauge 
configurations form and condense leading to a dual 
Meissner effect (?)….

Are these 
behaviours 
generic and all 
SCGT the 
same?



AdS/CFT





Holography emerged from string theory 

It is a remarkable strong weak duality that describes SCGT with 
weakly coupled gravity

We have control in theories with 
large amounts of SUSY 

But we can describe those 
theories at finite temperature

The breaking of SUSY and 
conformality are intrinsically built 
into the framework.

RG flow is represented by a 
(holographic) radial direction in 
the space

Classical equations describe the 
RG flow of operators and sources.



How Does AdS/CFT Work 2

Operators and sources appear 
as fields in the bulk

Eg 

m is the quark mass
c is the quark condensate

The duality maps the mass of a scalar in 
AdS to the dimension of the operator it is 
dual to

M2 =  (-4)

Scalars in AdS become unstable when 

M2 < -4/R 

Simple models of chiral symmetry 
breaking have 

 = 3 in UV  running to  = 2 in the IR 
when a higgs mechanism occurs in the 
bulk



Formation of the Chiral Condensate

We solve for the vacuum 

configuration of L

Shoot out with

L’( =L) = 0

Read off m 

and  qq in 

the UV…

m2 from QCD



The Conformal Window

No AF

CFT

SB

Nf=11/2 Nc

Nf = 4 Nc

SU(Nc) gauge theory with Nf fundamental quarks

If critical  = 1….  Nf/Nc ~ 4

Yamawaki,Appelquist, Terning, Sannino,…

m
Nf/Nc = 3.. 4.5

Walking



Walking Dynamics

A lattice study (283x56) at Nf=10 concludes the theory is in the conformal window

Fixed point at g2=15

qq dimension = 2.4

The holographic model lets us play in the space 
of theories to understand this result better…

2412.07309. (Alfano, NE)



What if the instability to chiral symmetry breaking lies below g2=15?

There’s the walking gap between 
entering strong coupling and 
triggering chiral symmetry breaking…

But also if the BF bound violation is 
weak then a further gap between the 
condensate scale and the BF bound 
violation scale sets in…

For a good chunk (10-15%) of this 
range the condensate lies below 
the lattice scale range even if you 
set the UV coupling to be 95% of 
the fixed point value….



But the lattice guys are smart.. They also 
ran with a coupling above the fixed point 
value and saw a conformal IR…

The lattice protects you from the UV 
Landau pole…

Can you always do this? NO.

At the edge of the CW the IR coupling 
violates the BF bound so any value above 
the fixed point will break chiral symmetry 
at the UV scale – the “lattice artefact 
phase”

One could have a theory on the lattice that 
is conformal from below and chiral 
symmetry breaking from above unless you 
massively fine tune – the blue area is 10%...



Splitting Scales

SCGT with fermions in two representations may have split mass 
scales.

Larger reps than the fundamental typically are more strongly 
coupled by group theory factors – will they condense and 
become massive at higher scales than fundamentals?

The problem is the running is usually fast at strong coupling.

We try to insert walking between the scales…

EG  SU(Nc)      +      Nf fundamentals
                         +      1 Dirac two index symmetric rep

Alfano + NE. 2409.07977 [hep-ph]
 



+ one 15 dim rep



It is also possible to compute the meson spectrum of the theory by looking at plane 
wave fluctuations about the background

We see a gap grow with 
increasing Nf between 
the 15 sector and the 
5…

The (green) sigma 
meson of the 15 sector 
is very light reflecting 
the running dynamics 
leading to a light dilaton 
like state….



Gaps can be bigger than 10 (in this 
model) but those theories are very 
walking… these might be more 
accessible…

The gap closes if the 
fundamental mass is 
too large…

The gaps depend on the choice of critical 
coupling… and we’ve neglected 
interactions between the sectors… it will 
need lattice computations to prove a 
gap…

Is this a gap to confinement also?



SU(4)  3 F   3 F   5 A2

In this model the A2 symmetry breaking generates the SM higgs and the Fs are 
to give F A2 F top partners

The lattice has simulated   (unquenched)  SU(4)  2 F  2 F   4 A2

The pattern is 
right…

The A2-F gap is 
very well 
described…

Adding extra 
flavours is not a 
huge change…

Scalar masses get 
lighter as add 
extra flavours



Summary & Future

• Holographic models neatly encapsulate RG flow and the instability at strong 
coupling to condensation

• This is a quick tool to get intuition for walking theories – very hard to simulate on 
the lattice when within 10% of the CW edge.

• Supports hints in lattice data of scale gaps between different representations

• We are looking at other theories eg with Adjoints to map out the gap

• Looking at the interplay with the confinement mechanism via QCD(Adj) on a S1

• A parallel program is mapping out the spectra of possible composite higgs models 
that also have multi-reps (with Werner and Johanna)

• We hope to map out SCGT dark matter in more detail



Composite Higgs Model Example

Let’s focus on an Sp(2Nc) gauge theory with 2 Dirac fundamental fermions.

The pseudo-reality means the flavour symmetry is U(4) on the 4 Weyl fermions  (we 
neglect the anomaly)

The vacuum condensate is anti-symmetric in spin (2x2=1A+3S), anti-symmetric in colour, 
so anti-symmetric in flavour… possible vacua

Both break U(4)-> Sp(4)…. The first is SU(2)L invariant the second breaks SU(2)L

2.1 U(4) Global Symmetry136

Given the pseudo-real nature of the gauge theory we can write the fermion fields in terms137

of 4 two-component spinors and it is helpful to pick the naming convent ion138
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where we have writ ten everything as right handed spinors by conjugat ing the left handed139

spinors.140

The theory has a U(4) global symmetry with generators141
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for i = 1, 2, 3, ⌧i are the Pauli mat rices and142
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Here if we were to consider embedding the theory in the standard model we might143

promote the left handed U, D doublet to be in the fundamental of SU(2) of the weak144

force. The elect roweak generators are then T1 + T4, T2 + T5, T3 + T6. We will always145

consider this gauging as a weak perturbat ion on the st rong gauge dynamics.146
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Biased  with 
SU(2)L preserving 
masses

The 6 Goldstones (16 generators -> 10) are  and S

1-4   are  a 4-plet that transform as bi-doublet under SU(2)L x SU(2)R and can be 
made into a higgs boson… they obtain a mass from m1 and m2… and from loop 
corrections – W loops and top loops… here concentrate on the strong dynamics…

S (anomaly) and 5 might be dark matter candidates…. Cacciapaglia/Sannino

There are 2x6 real meson fields in here…. Which we parameterize as…



m=0



NJL Competition

NJL interactions that preserve SU(2)L  favour 
the Q vacuum…

We now have to change the boundary 
conditions on the left right states…

The Q1-4 are now exact Goldstones for all Q vevs because SU(2)L is broken 
explicitly by the vev… we can rotate from composite higgs to technicolour as the 
NJL g rises….   Paper of spectrum soon! The LHC phenomenology….



As the NJL operator switches on a state drives down to an instability 
and the vacuum rotates to the TC vacuum… the spectrum rapidly 
grows (apart from Goldstones)… 
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